This paper reviews the eEects of past forest mmagement on carbon stocks in the United Stfites, sad the tbsgenges for m_alintpl;Rg forest carbon resources in the 21st century. Forests in the United States were in approximate carbon balance with the atmosphere from 160&1800. Utilization and land clearing caused a large pulse of forest carbon edssions during the 19th century, followed by regrowth and net forest carbon seqnestdon in the 20th century. Recent data and knowledge of the general behavior of forests after disturbme suggest that the rate of forest carbon sequestra~on is dehing, A goal of an sdditiond 100 to 200 Tg Glyr of forest carbon sequestrstion is achievable, but would require investment in inventory and monitoring, development of technology and practices, and assistance for land managers.
C
LEARNG of forests for agriculture, forest management, and use of wood has a significant effect on terrestrial carbon stocks in the United States (Birdsey and Heath, 1995) . Timber extraction and deforestation during the settlement and initial development of the nation's infrastructure from about 1600-1900 caused declines in forest area and tree stocking, followed by recovery and intensified management of the forest land during the 20th century (MacCleery, 1992) . Now there are new challenges for managing forest carbon resources in the 21st century (Schultze et al., 2000) . The 21st century is already characterized as a period of increasing attention to global stewardship, during which development and application of forest management technology can stabilize the roles of forests and wood products as sinks for atmospheric carbon dioxide (GOz) and as sources of renewable energy and materials that help reduce demand for fossil fuels.
Forests in the United States currently sequester about 200 Tg Clyr from the atmosphere (Heath and Smith, 20041 , an amount equivalent to about 10% of U.S. emissions of C 0 2 from burning fossil fuels. By engaging in various forestry activities, it may be possible to sequester additional carbon in forests. Forestry opportunities for helping manage the atmospheric concentration of GOz include many different kinds of activities that can either increase sequestration, reduce emissions, or both (Birdsey et al., 2000) . Of particular interest are activities in which improved carbon management is compatible with other goals such as restoration of degraded for-R. Birdsey ests or timber production. Some entities have concluded that increased forest carbon sequestration can offset emissions from burning of fossil fuels at lower cost than reducing emissions, as demonstrated by treeplanting projects already undertaken by electric utilities (Hopkin, 2004) .
This paper reviews the effects of past forest management on carbon stocks in the United States, and the challenges for managing forest carbon resources in the 21st century. We develop some new estimates of changes in forest carbon stocks before 1952, merge these estimates with contemporary estimates and projections, and explore some of the technological and social challenges to increasing the role of U.S. forests in removing GO2 from the atmosphere.
MATERIALS AND METHODS
Estimated changes in carbon stocks are based on historical and projected forest inventory data from the USDA Forest Service. The inventory approach accounts for all factors that affect forests, both natural and anthropogenic, because it is based primarily on periodic measurements of selected forest parameters that are related to ecosystem carbon. For example, there is a strong relationship between forest volume and biomass . We accounted for carbon in forest ecosystem pools (except soil) and in wood products, including the proportion of discarded wood products that does not decompose in contemporary landfills. We used the "stock change" calculation method, where the inventory at time 1 minus the inventory at time 2, divided by the time interval, equals average annual net change in carbon stocks.
Estimates of carbon in forest ecosystems for 1935 and earlier are based on a reconstruction of the U.S. inventory of sawtimber from a variety of historical references compiled by Reynolds and Pierson (1941) . (The term sawtimber is a classification of inventory composed of live trees containing sawlogs, and meeting minimum specifications for size and freedom from defect.) Table 1 is a reproduction of these inventory estimates and the causes of changes in the stock of sawtimber. To convert estimates of the volume of sawtimber to mass of carbon, we used the ratio of sawtimber volume in 1953 (USDA Forest Service, 1958) to carbon mass in 1953 (Heath and Smith, 2004) , which is 2056 847 million board feet (7158 million cubic meters) divided by 16613 Tg C for a factor of 123.8. The same calculation for 1997, 3232530 million board feet (11249 million cubic meters) divided by 24292 Tg C, yields a factor of 133.1, which is similar to the value for 1953. This similarity indicates the strong correlation between the quantity of large logs and the average carbon stock on forest land.
Estimates of carbon in forest ecosystems (excluding soil) for 1953 through 2002 are based on much more detailed inventory data for 1987 and later, observations from intensive ecosystem studies, and application of statistical models to convert inventory estimates to carbon estimates (Heath and Smith, 2004; USDA, 2004) . The statistical models were applied to inventory summary data for the period 1953-1977. To estimate carbon in harvested wood before 1935 (labeled "commodity cut" in Table I ), we used the factor 8.137 to 
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canvert harvested sawtirnber volume in board feet to cubic volume of growing stock . Then we used the ratio of volume of growing stock to mass of carbon in 1953, which is 31.1 (USDA Forest Service, 1958; Heath and Smith, 2004) . These two factors multiplied together equal 253.1. Then we used proportions from Row and Phelps (1996) as shown in Birdsey (1996) to estimate the amount of carbon remaining in harvested wood products for each decade following a harvest. We selected the proportions for harvest of softwood sawtimber in the Pacific Northwest as representative of the utilization of large sawtimber typically harvested during the 19th century.
Beginning at time of harvest through 100 yr, these proportions are: 0. 501, 0.371, 0.331, 0.299, 0.264, 0.241, 0.221, O.IY' 7, 0.178, 0.165, and 0.156 . These proportions were applied to the estimated harvest of lumber and roundwood shown in Table 1 . The calculated amounts of carbon remaining in each decade from each harvest estimate were summed to obtain an estimate of the total carbon stock in harvested wood products from the earliest time period through 1935, after which we used estimates from Heath and Skog (2004) . The Heath and Skog approach is similar, but involves different sets of proportions to account for regional differences in utilization, and includes the proportion of discarded wood products that remains in contemporary landfills. The projected trend in forest ecosystem carbon through 2040 was based on macroeconomic models of land use and the forest sector, and a carbon budget model as described in Heath and Birdsey (1993) . The projected trend was extrapolated to 2100 by assuming that ecosystem productivity, natural disturbance, and harvesting continue at rates similar to those projected through 2040. We also assumed that carbon sequestered in wood products and landfills in the projection period continues at the contemporary rate of about 60 Tg Ciyr (Heath and Skog, 2004) .
The alternate projection is based on an analysis of the potential for increasing carbon sequestration in forests (Birdsey et al., 2000) . We assumed implementation of a forest carbon management program that would linearly increase annual sequestration by 100 Tg C above the baseline by the end of the projection period.
Our approach is consistently based on inventory data for the whole time period, yet there is increasing uncertainty backward through time because of changing definitions and inventory methods, a reduction in available data, and unavailable documentation about past methods. Some of the key temporal changes in inventory methodology involve changing standards for defining forest land and volume of sawtirnber. An additional source of uncertainty involves our application of constant factors (e.g., the ratio of carbon mass to sawtimber volume) over long periods of time when the distribution of trees by size classes is changing. We did not attempt to estimate changes in soil carbon even though these changes are likely to be significant. It is highly Likely that changes in soil carbon are positively correlated with changes in forest ecosystem carbon, but at a lesser magnitude (La1 et al., 1998; Post and Kwon, 2000) . We did not attempt to quantify the magnitude of these uncertainties, but the reader should keep in mind that recent estimates are more certain than historical estimates. According to Smith and Heath (2000) , current estimates of carbon changes for large areas based on inventory data can be within 10% of the true value 80% of the time.
EXTRACTION AND DEFORESTATION 1600-1900
The period from 1600-1800 was characterized by a slow expansion of settlement. Beginning about 1800, the development of the basic infrastructure of the country took place, with forests and wood products playing a pivotal role. Human impacts on forests of the 19th century were so pemasive that the effects are still noticeable on nearly every acre of today's forest land (Fedkiw, 1989) .
Economists of the early 20th century characterized the 19th century by studring the various causes of the drain on the original sawtimber resource that was present in 1630 (Reynolds and Pierson, 1941) . Table 1 summarizes the timing and magnitude of sawtimber removed for comodity use and lost to various other causes. Fuelwood use, the main energy source for the industrial revolution in the United States, peaked around 1875. Wood harvested for lumber increased to more than 400 billion board feet (1400 million cubic meters) per decade just after 1900, before declining. Land clearing for agriculture increased steadily from about 1700 until 1860, then declined.
Taken together, the various drains on the sawtirnber resource caused net emissions from U.S. forest land to reach nearly 800 Tg Clyr just after 1900 (Fig. 1) . This estimate is significantly larger in magnitude and the timing is slightly different than previously reported by Houghton et al. (1999) . To put this estimate in perspective, and considering that emissions from soil are not included, it is comparable to recent emissions from global land-use changes which are estimated to be between 500 and 2300 Tg Clyr (Houghton, 2003) . Carbon emissions from U.S. forest land were partially offset by temporary sequestration in lumber and structural material, at a rate of about 200 Tg Clyr for a period just before 1900 (Fig. 1) . As the sawtirnber removal rate declined, emissions from burned or decaying wood products exceeded the rate of input to the wood products carbon pool, resulting in a period of net emissions from the wood products pool after 1900.
CONTINUED HARVEST, REGROWTH,

AND MANAGEMENE 1900-2000
Forest dynamics in the 20th century were strongly influenced by harvest of most of the remaining original (Table 1) . Estimated carbon changes in the forest ecosystem are based on changes in carbon stocks. Estimated carbon changes in wood products are based on quantity of sawed lumber. Net change is the sim of estimated carbon changes in the forest ecosystem and wood products. Esti~nation methods are described in the text, sawtimber resource, by regrowth of forests on areas harvested in the 19th century, and by the emergence of science-based intensive forest management (Birdsey and Lewis, 2003) . The timing and relative innuence of these factors varied by region of the United States.
In the South during the fist half of the 20th century, the uncontrolled use of fire to reduce tree stocking and provide forage for livestock was replaced by a policy of fire suppression (Larson, 1960) . This allowed restocking by southern pines and hardwoods, which continued through the end of the century (Fig. 2) . Southern forests in the second half of the 20th century were also transformed by clearing of bottomland hardwoods for crops and by establishment of pine plantations on many timber-harvest sites and marginal agricultural lands . Some of the plantations were managed intensively for wood production using agronomic methods to support rapid growth in the South's forest products industry.
In the North, forests were allowed to grow again on cutover timberland and on marginal cropland that reverted back to forest (MacCleery, 1992) . Intensive industrial management of forests occurred mainly in the northern areas of New England and the Lake States and was generally much less intensive than in the South.
In the West, much of the remaining old-growth forest area was harvested. Investments in intensive silviculture for wood production were focused primarily on Douglas-fir plantations on the west side of the Cascades in Oregon and Washington. Fire suppression was common throughout the West and allowed significant stand structural changes to occur (Gallant et al., 2003) . For example, an area of conifer-dominated forest land in the Northern Rockies shows nearly complete dominance of mature stand classes by the end of the 20th century (Fig. 3) .
The carbon budget of the U.S. forest sector for the latter half of the 20th century is a reflection of these varied influences in different regions (Fig. 4) . The rate of carbon sequestration in forest ecosystems increased from 1953-1986, then declined from 1986 to the present rate of about 140 Tg Clyr (Heath and Smith, 2004) . This is a significant change $om an increasing to a decreasing rate of carbon sequestration. The amount of carbon sequestered in wood products has increased to a steady rate of about 60 Tg Clyr (Heath and Skog, 2004) so that the total sequestration in US. forests is currently about 200 Tg Clyr. This estimate for the forest sector does not include some potentially large sources or sinks of forest carbon: forest soils, reserved forest land, and other forest land. We hypothesize that these pools are net sinks for carbon at present, but we do not have sufficient inventory data to quantify and test the hypothesis. When viewed over a longer historical period, and considering the factors that have shaped forests of the 20th century, it is very likely that the strong 20th century regrowth, a response to the heavy drain on the forests of the 19th century, is coming to an end. The net forest sector carbon budget for the period 1630-2000 illustrates the relative steady state of forests from 1630-1800, the peaking of emissions at about 800 Tg Clyr around 1900, the large swing to net sequestration of 250 Tg Clyr around 1985, and the emerging downturn in sequestration rate (Fig. 5 ). There are two reasons why the peak net emissions of the 19th century are higher in magnitude than the peak net sequestration in the 20th century. First, the clearing of forests and intense utilization of the sawtimber resource happened more rapidly than forests were able to regrow. Second, some of the land that was cleared for agriculture remains in agriculture use, so the forest land base of the 20th century is smaller than that of the 19th century. 
+-
GLOBAL STEWARIISHIP: 2000-2100
The 21st century begins with a heightened awareness of the changing composition of the atmosphere and the role of forests in removing atmospheric C 0 2 (Goodale et al., 2002; Janssens et al., 2003) . There has been a 30% increase in the atmospheric concentration of C 0 2 since 1880, to a current level of about 375 ppm according to the Department of Energy, Carbon Dioxide Information Analysis Center. Under a "business as usual" scenario of global economic growth continuing as currently projected, and without controls on emissions, the concentration of C 0 2 in the atmosphere is expected to rise to 700 ppm or more (Intergovernmental Panel on Climate Change, 2001). Stabilizing atmospheric C 0 2 at about 500 ppm is often suggested as a goal in international climate policy studies. It is clear that achieving this goal would require application of a wide range of technologies, including forestry (Caldiera et al., 2004; Pacala and Socolow, 2004) . The deployment rate of new technology must increase over time to eventually stabilize the atmospheric C 0 2 concentration.
The prospective role of forestry in helping to stabilize atmospheric C 0 2 depends on harvesting and disturbance rates, expectations of future forest productivity, and the ability to deploy technology and forest practices to increase the retention of sequestered C02. The U.S. timber harvest is expected to continue growing through 2050 (Haynes, 2003) , and therefore the associated carbon sequestration in wood products (about 60 Tg Clyr) will help maintain the U.S. forest sector as a net carbon sink. Important questions are how to maintain forest ecosystems as carbon sinks over an indefinite period of time, and how to optimize the production of forest biofuels and biomaterials that help reduce demand for fossil energy.
The forest sector includes a variety of activities that can contribute to increasing carbon sequestration, including: afforestation, mine land reclamation, forest restoration, agroforestry, forest management, biomass energy, forest preservation, wood products management, and urban forestry (Birdsey et al., 2000) . Taken together, this group of forestry activities could potentially increase carbon sequestration by 100 to 200 Tg Ciyr, more than enough to offset projected declines in the sequestration rate by the forest sector of the United States. Implementing these actions will require development of new forestry technology; improvements in measuring, monitofig, and verifying the exchange of COz between forests and the atmosphere; and transfer of the new technology to land managers. The remainder of this paper explores emerging forest management policies, the ecological basis for increasing carbon sequestration by forests, some potential new technology, and some of the socioeconomic issues.
GREENHEOUSE GAS POLICIES AND APPROACHES TO M A N A G E m W
The U.S. national plan for reducing greenhouse gases involves research to develop new technology, voluntary participation by the private sector, and targeted incentives (Abraham, 2004) . A key part of the U.S. plan is a revision of the guidelines for reporting greenhouse gas reductions and sequestration. In 2002, the President directed the Secretaries of Energy and Agriculture to revise the guidelines that were originally authorized in the 1992 Energy Policy Act, Section 1605(b) (http:ll www.pi.energy.govienhancingGHGregistry/index. html; verified 14 Feb. 2006). The guidelines describe how to estimate and report accomplishments to the national greenhouse gas registry. Participation in the program is voluntary, and helps entities document actions that lead to real greenhouse gas reductions and sequestration. The new rules and guidelines take into account emerging domestic and international approaches to managing greenhouse gases and crediting actions.
Actions to manage greenhouse gases are emerging at many levels of public and private organizations. The main international approach to manage greenhouse gases under the United Nations Framework Convention on Climate Change is the Kyoto Protocol. Now ratified, the protocol includes several mechanisms: national reduction targets, recognition of international assistance projects, and emissions trading (Christiansen, 2004) . In the United States, the Environmental Protection Agency and the Department of Energy have programs to encourage reductions in emissions or increases in sequestration by the private sector and by state and local governments (United States Department of Energy, 2005). The U.S. approach involves voluntary participation with incentives, and an emerging private market known as the Chicago Climate Exchange. Several states and some regions have greenhouse gas action plans and registries in various stages of implementation (Dernbach, 2000) . Market approaches are under development in the United States, the European Union, and elsewhere (Totten, 1999) . The European approach is a "cap and trade" system modeled after the successful scheme used in the United States for reducing sulfur dioxide emissions (Christiansen, 2004) . Whether these approaches are successful for managing greenhouse gases or not remains to be determined, as the scope of the problem is signzicantly more complex than anything previously attempted.
FOREST ECOSYSTEMS, P M m I C E S , A m rnCHNOLOGY
Disturbance is characteristic of U.S. forests. Each decade, disturbances affect up to half of U.S. forest land (Birdsey and Lewis, 2003) . Many kinds of disturbances are included in this estimate (Fig. 6) . Some, such as air pollution and weather damage, are not included.
Understanding how carbon stocks change after disturbance is critical for managing carbon in forest ecosystems (Pregitzer and Euskirchen, 2004) . Net carbon accumulation depends on time since disturbance, with the rates of change in the different carbon pools varying by forest biome (Fig. 7) . Some generalizations emerge from these complex global patterns. Total ecosystem carbon increases with time since disturbance, although some individual carbon pools such as woody debris may decline for a period of time after harvest. T!ae rate of carbon sequestration, as indicated by either net primary productivity (NPP) or net ecosystem productivity (NEP), increases after disturbance to a variable point in time, and then declines as forests mature. Microbial respiration is a key mechanism that regulates net ecosystem productivity. The global analysis strongly suggests that as a general rule, microbial respiration declines with age (Pregitzer and Euskirchen, 2004) . In other words, peak ecosystem respiration occurs early in stand development, not late in succession during mature or old-growth stages. This means there may be opportunities to manage respiration following disturbance, for example, by minimizing respiration of soil C through management practices, utilizing harvest residue (slash) in ways that decrease the flux of C back to the atmosphere, or accelerating net primary productivity through intensive management practices or genetics to offset the pulse of microbial respiration following harvest.
Forest management technologies that may reduce GOz emissions from forests or increase productivity include: nutrient management, residue management and utilization, thinning and better utilization of products from thinning, low-impact harvesting, optimizing rotation length, species or genotype selection, and forest biotechnology (Stanturf et al., 2003; Stainback and Alavalapati, 2005) . Because of the high diversity of forest ecosystems, there is not a single best suite of practices that can be recommended. Practices must be specific to site characteristics and the environment. At the landscape scale, stands representing all stages in the forest life cycle should operate as a functional system that maintains an overall carbon balance among the different ecosystem carbon pools (Harmon, 2001; Jarvis et al., 2005) . Another critical consideration is that carbon sequestration is not likely to be the main goal of land ownership, so increasing the rate of net ecosystem productivity or maximizing carbon stocks must be considered in the context of a wider set of ownership goals.
RESEARCH NEEDS
Research, development, and application is needed to facilitate the implementation of forest carbon management for the purpose of stabilizing carbon sequestration in U.S. forests. These needs involve a series of topics and disciplines-a provisional list is shown in Table 2 .
A better understanding of socioeconomic issues is critical because there is a large difference between the biological, economic, and social opportunities for increasing forest carbon sequestration, and because management of forests must complement other landowner objectives such as timber production or habitat restoration. Carbon accounting and measurement can be Although the role of forests in helping to regulate atmospheric C 0 2 is not questioned, the deliberate use of forests as part of a greenhouse gas management strategy raises some questions and concerns (Korner, 2003; Scholes and Noble, 2001; Intergovemental Panel on Climate Change, 2000) . Carbon stored in forests can be unexpectedly released back to the atmosphere, for example because of a natural disturbance such as wildfire. Should an entity claiming a forest carbon credit be debited for unexpected natural release of stored carbon? Also, complete accounting for human-induced changes in all forest carbon and wood product pools may be difficult, and some accounting and measurement issues remain unresolved. For example, changes in forest soil carbon are difficult to measure, but are likely to be slow relative to live biomass or woody debris. Can changes in forest soil carbon be ignored in most circumstances? Where and when are substantial changes in soil carbon likely to occur?
The potential rate of participation in voluntary programs to manage forest carbon is not well known. Participation is likely to be determined by factors such as the trading price of carbon dioxide, transaction costs, acceptance of forest carbon credits as equally tradeable with credits from emissions reduction, and the accuracy with which additional forest carbon sequestration can be estimated and reported. In addition, a technical support system will be needed to provide land managers with the knowledge and tools necessary to make competent decisions about how to manage specific forest systems to reduce greenhouse gases.
CONCLUSIONS
Forests in the United States were in approximate carbon balance with the atmosphere from 1600-1800. Utilization and land clearing caused a large pulse of forest carbon emissions to build during the 19th century, followed by regrowth and net forest carbon sequestration in the 20th century. Recent data and knowledge of the general behavior of forests after disturbance suggest that the rate of forest carbon sequestration is declining. Some effort will be required to stabilize forest carbon sequestration at a rate that is higher than projected. A goal of an additional 100 to 200 Tg Clyr of forest carbon sequestration is achievable, but would require investment in inventory and monitoring, development of technology and practices, and deployment of decisionsupport systems.
Forest carbon management raises some interesting questions for the 21st century. Forest resource sustainability is often discussed as a way to ensure the continued production of a variety of forest goods and services. Is carbon management compatible with forest resource sustainability? How does forest carbon management enhance or detract from other ecosystem services such as water and biodiversity? These are important questions for consideration by the various actors in the forest carbon management scheme: federal, state, and local governments; forest industries; other private landowners; and a variety of non-governmental organizations.
